In this study, the failure of local sharp-dented 6061-T6 aluminum alloy tubes with different diameter-to-thickness ratios submitted to cyclic bending are investigated. Different diameter-to-thickness ratios of 16.5, 31.0 and 60.0 were considered. The dent depths of tubes were considered from very small to approximately 0.6 times the tube's wall thickness. From the experimental ovalization-curvature relationship, it exhibited an increasing and ratcheting manner when the number of cycles increased. The larger dent depth led to more asymmetrical ovalization-curvature relationship and the greater increase of the ovalization. Furthermore, for a certain diameter-tothickness ratio, five unparallel straight lines corresponding to five different dent depths were found for the controlled curvature-number of cycles required to produce failure relationship on a log-log scale. Finally, a theoretical model was proposed for simulating the aforementioned relationship. Through comparison with the experimental data, the theoretical model can properly simulate the experimental findings.
INTRODUCTION
It is well known that bending of a circular tube results in ovalization (change in the outer diameter divided by the original outer diameter) of the tube's cross section. This ovalization increases slowly during reverse bending and subsequent cyclic bending, and in turn, results in the degradation of the circular tube, which buckles or fractures when the ovalization reaches a critical value. Circular tubes are severely damaged during buckling and fracturing and cannot bear the load, which ultimately results in obstruction and leakage of the material being transported. As such, a complete understanding of the degradation and failure of circular tubes subjected to cyclic bending is essential for industrial applications.
In 1985, Prof. Kyriakides and his research team designed a bending machine and began a series of experimental and theoretical studies on tubes submitted to monotonic or cyclic bending with or without external or internal pressure. Kyriakides and Shaw [1] then extended the aforementioned research to evaluate the buckling failure of tubes under cyclic bending. Corona and Kyriakides [2] experimentally investigated the behavior of tubes subjected to cyclic bending with external pressure. Vaze and Corona [3] employed a similar bending machine to examine the deterioration and collapse of square steel tubes submitted to cyclic bending. Moreover, Corona and Kyriakides [4] studied the tube's buckling under bending with external pressure. Corona et al. [5] investigated the anisotropy of the plastic deformation for tubes submitted to bending. Limam et al. [6] experimentally and theoretically discussed the inelastic collapse of tubes subjected to bending with internal pressure. Limam et al. [7] also examined the response and collapse of localdented tubes undertaking pure bending with some internal pressure. Bechle and Kyriakides [8] experimentally investigated the localization of NiTi tubes submitted to bending. Jiang et al. [9] studied the pseudoelastic response of NiTi tubes subjected to bending.
In 1998, Pan et al. [10] designed and set up a new measurement apparatus. The apparatus was used with a cyclic bending machine to study various types of tube under different cyclic bending conditions. For examples: Pan and Fan [11] studied the effect of the prior curvature-rate at the preloading stage on subsequent creep or relaxation behavior, and Chang and Pan [12] discussed the buckling life estimation of circular tubes subjected to cyclic bending.
In 2010, the research team of Prof. Pan began to experimentally and theoretically investigate the response and the collapse of sharp-notched circular tubes submitted to cyclic bending. Lee et al. [13] experimentally studied the relationship between the variation of ovalization and the number of bending cycles for sharp-notched circular tubes subjected to cyclic bending. Lee [14] then later investigated the response of sharp-notched SUS304 stainless steel tubes under cyclic bending, and found the asymmetrical, ratcheting, and increasing trends of ovalization-curvature relationships. In addition, Lee et al. [15] evaluated the viscoplastic response and buckling of sharpnotched SUS304 stainless steel circular tubes undertaking cyclic bending. Both the different notch depths and curvature rates were examined. Lee et al. [16] studied the response of sharp-notched circular tubes under pure bending creep and pure bending relaxation Chung et al. [17] investigated the collapse of sharp-notched 6061-T6 aluminum alloy tubes subjected to cyclic bending. However, the sharp notch for the aforementioned investigations was a circumferential sharp notch as shown in Fig.1 .
The investigation of the influence of the D o /t ratio on the response and failure was first investigated by Lee et al. [18] . The 304 stainless steel smooth tubes with four different D o /t ratios of 30, 40, 50 and 60 were tested under cyclic bending. Later, Chang et al. [19] studied the buckling failure of 301 stainless steel smooth tubes with different D o /t ratios subjected to cyclic bending. In 2012, Lee et al. [20] started to investigate the influence of the D o /t ratio on the response and failure of sharpnotched 304 stainless tubes subjected to cyclic bending. The type of the sharp notch was in Fig.1 and three different D o /t ratios were 16.25, 21.20 and 24.46. They discovered that five almost parallel straight lines corresponding to five different notch depths for each D o /t ratio were observed from the relationship between the controlled curvature and number of bending cycles required to produce failure on a log-log scale. In addition, the slopes for the aforementioned relationship for three different D o /t ratios were almost the same.
In this paper, local sharp-dented 6061-T6 aluminum alloy tubes with different D o /t ratios of 16.5, 31.0 and 60.0 submitted to cyclic bending were experimentally studied. Related experimental tests were conducted by using the tube-bending machine and curvature-ovalization measurement apparatus. The quantities of the curvature and ovalization were measured by sensors on testing facilities. Additionally, the number of bending cycles required to produce failure was also recorded
EXPERIMENTS
A tube-bending machine and a curvature-ovalization measurement apparatus were used to conduct the cyclic bending test on local sharp-dented 6061-T6 aluminum alloy tubes with different D o /t ratios. The details on the experimental device, materials, specimens, and test procedures were presented in the sections that follow.
Experimental Device
Figure 2a schematically shows the experiments executed by a specially built tubebending machine. This facility was built to conduct monotonic, reverse, and cyclic bending tests. A detailed explanation of the experimental facility can be found in many papers (Pan et al. [10] , Pan and Fan [11] ). Pan et al. [10] designed a new lightweight apparatus to measure the curvature and the ovalization of the tube's cross section shown in Fig. 2b . Two side-inclinometers in the apparatus were used to detect the tube's angle variation during cyclic bending. The tube curvature can be determined by a simple calculation according to the angle changes. An extended version of the calculation can be found in the work by Pan et al. [10] . In addition, the tube ovalization can be measured in the center part of the apparatus that included a magnetic detector and a magnetic block.
Material and Specimens
6061-T6 aluminum alloy tubes were used for the experimental testing. Table 1 lists the chemical composition (weight %) of the tested material. The mechanical properties were 0.2% offset yield stress (σ o ) = 166 MPa, ultimate stress (σ u ) = 258 MPa, and percent elongation (100ε f ) = 23%.
The raw, smooth 6061-T6 aluminum alloy circular tubes had a length L o of 800 mm, an outer diameter D o of 35.0 mm and a wall thickness t of 3.0 mm. The raw tubes were machined on the outside surface to obtain the desired D o /t ratios of 16.5, 31.0 and 60.0 as shown in Fig. 3 . Next, tubes with a certain D o /t ratio were processed on the outside surface again to obtain the desired shape and depth of the dent (a). Figs. 4a and 4b show a picture and a schematic drawing of processing a dent on the 6061-T6 aluminum alloy tube, respectively. The upper mould contacted the 6061-T6 aluminum alloy tube's surface and exerted a pressure F to create a dent. In this study, five different depth-to-thickness (a/t) ratios were considered: 0.0, 0.15, 0. 
Test Procedures
The test involved a curvature-controlled cyclic bending. The controlled-curvature ranges were from ± 0.2 to ± 1.1 m . The magnitude of the curvature and ovalization of the tube's cross section were controlled and measured by the curvature-ovalization measurement apparatus. In addition, the number of cycles required to produce failure was recorded.
EXPERIMENT RESULTS AND DISCUSSION

Mechanical Response
The In 1987, Kyriakides and Shaw [2] proposed an empirical formulation to describe the relationship between κ c /κ o and N f to be:
where C and α are the material parameters, which are related to the material and D o /t ratios. The parameter C is the amount of κ c /κ o when N f = 1, and the parameter α is the slope of the log-log plot. The formulation has been successfully simulated the κ c /κ o -N f relationships for 6061-T6 aluminum alloy and 1018 carbon steel smooth tubes subjected to cyclic bending [2] .
In this study, the liner relationships between C 0.25 and (a/t) 0.5 and α 0.25 and a/t were found in Figs.11a and 11b , respectively. Therefore, we write Next, the material parameters C o , β, α o and γ were assumed to be related to D o /t ratios. In this study, we tried to find the linear relationships of the above material 6 
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where 
